The Teflon TM ablation in a micro-pulsed plasma thruster is studied with the aim of understanding the charring phenomenon. Microscopic analysis of the charred areas shows that it contains mainly carbon. It is concluded that the carbon char is formed as a result of carbon flux returned from the plasma. A simplified model of the current layer near the Teflon surface is developed. The current density and the Teflon surface temperature have peaks near the electrodes that explain preferential ablation of these areas, such as was observed experimentally. Comparison of the temperature field and the ablation rate distribution with photographs of the Teflon surface shows that the area with minimum surface temperature and ablation rate corresponds to the charring area. This finding suggests that the charring may be related to a temperature effect.
Nomenclature

B
= magnetic field C = capacitance e = elementary (electron) charge I p = current peak j = current density L = circuit inductance n = electron density Q F = heat flux due to the particle convection Q j = Joule heat Q r = radiation heat flux R = equivalent circuit resistance r = radial distance T e = electron temperature U o = initial voltage on the capacitor V = plasma velocity µ = permittivity σ = plasma (Spitzer) conductivity ωτ = Hall parameter I. Introduction P ULSED plasma thrusters (PPTs) have been investigated since the early 1960s and were among the first of various electrical propulsion concepts accepted for space flight, mainly due to their simplicity and high reliability. 1 However, the PPT has a low efficiency of 10% (Ref. 2) and therefore several ways of improving it have been suggested. 3 Currently, PPTs are considered an at-tractive propulsion option for stationkeeping and drag makeup purposes for mass-and power-limited satellites. 4, 5 An electromagnetic PPT was successfully operated for pitch axis control on the EO-1 spacecraft. 6, 7 Recently, a micro-PPT has been designed at the Air Force Research Laboratory (AFRL) for delivery of very small impulses. 8, 9 This is a simplified, miniaturized version of a conventional PPT with a thrust in the 10-µN range and energy level of about 1-10 J (∼1-Hz repetition rate) designed to provide attitude control and stationkeeping for microsatellites.
Complete assessment of the spacecraft integration effects requires characterization of the plasma-plume exhaust of a PPT. Previously we have developed an end-to-end model of the PPT and its plume with application to electrothermal 10, 11 and electromagnetic PPTs. 12 It became clear that the plasma distribution in the plume field depends heavily on upstream boundary conditions. Therefore the model of plasma generation in these devices becomes a very important aspect of accurate plasma-plume simulation. In the present paper we will focus on a micro-PPT. Inspection of the micro-PPT propellant surface after firing indicated signs of charring and preferential ablation near the electrodes. 8, 9, 13 It was identified that char formation is the main failure mechanism in the case of low energyto-thruster-radius ratio. 13 In this paper we present results of microscopic analyses of the charred areas and propose a mechanism of char formation. To understand this phenomenon, a model of the plasma layer near the Teflon TM surface is developed. In addition, the solution of the model provides boundary conditions for simulating the plasma plume.
II. Micro-Pulsed Plasma Thruster
The AFRL MicroPPT uses a three-electrode configuration. 8, 9 A small-diameter rod (center electrode) is encased in a small-diameter annulus of Teflon, which is then encased in a relatively smalldiameter tube, which acts as the intermediate electrode. This construction is then encased in a second, larger-diameter annulus of Teflon, which is then encased in a large-diameter outer electrode. The MicroPPT is fired by a low-energy breakdown between the intermediate and central electrodes. This discharge provides enough seed ionization to make possible a higher-energy conduction breakdown between the intermediate and outer electrodes. The discharge between the intermediate and central electrodes is referred to as the trigger discharge. The discharge between the intermediate and outer electrodes is referred to as the "main discharge." Although a wide range of parameters are tested in various MicroPPT configurations, typically the trigger discharge will consume about 1/50 the energy of the main discharge. In this fashion, the MicroPPT has demonstrated the ability to initiate a surface-breakdown discharge across outer propellant diameters as large as 1 4 in. using a relatively low voltage, below 3000 V, without external trigger. Without the three-electrode configuration, up to 40 kV would be required to initiate the discharge across a 1 4 in.-diam gap, which would place excessive design requirements on the power-processing unit and on the spacecraft EMI shielding.
In this work, research is performed on two-electrode MicroPPT configurations as shown in Fig. 1 . The discharge occurs between an inner cathode rod and an outer anode tube, across a Teflon annulus. Understanding the physical processes in this simplified geometry has proven beneficial in advancing the optimization of the MicroPPT by separating the requirements for the trigger and main discharges. Research 13 on small-diameter two-electrode designs, generally between 1 and 3 mm, is applicable to the trigger discharge. Research 8,9,14 on larger-diameter two-electrode designs, typically between 3 and 7 mm, is more applicable to the main discharge.
III. Microscopic Analyses of the Teflon Surface
MicroPPT propellant samples with two electrodes and different anode diameters were analyzed. These samples represent a fully charred, a partially charred, and an uncharred Teflon surface. The experiments were conducted under a base pressure of 10 −6 torr. Microscopic analyses were performed on the environmental scanning electron microscope available at the Electron Microbeam Analyses Laboratory at the University of Michigan. X-ray energy-dispersive spectroscopy (XEDS) makes it possible to identify the chemical elements. We present some characteristic images taken from the fully charred sample.
Two different structures are identified in the charred area (shown as Area 1 and Area 2 in Fig. 2 ). The XEDS results in Fig. 3 show that Area 1 mainly contains carbon and small fractions of fluorine (F), copper (Cu), silver (Ag), and silicon (Si), whereas the char in Area 2 consists mainly of silicon. Small fractions of Cu and Ag are also found. Visual analysis of the interface between Areas 1 and 2, as shown in Fig. 2 , suggests that the same Si-dominated structure (as in the image; Fig. 3b ) may lie under the carbon charring. In order to verify this we removed the carbon layer with stainless steel pincers and analyzed the scratched area using XEDS. We conclude from the element mapping that the scratched area contains silicon. Therefore it is clear that in this case the layer of carbon (which we are referring to as a char in this paper) is deposited on the layer of silicon rather than on the Teflon surface.
Microscopic analyses of different fully and partially charred samples show that under the carbon layer there is a layer of silicon with some small amount of copper. The origin of the copper is probably the outer electrode, whereas silicon may come from the diffusion pump because the only difference in the facilities is the pump.
To eliminate this possible source of silicon, the MicroPPT was fired in a chamber with a turbopump (glass bell jar) for 2 h and at 1 Hz. A typical image of the charred area in this case is shown in Fig. 4 . One can see that the charring structure in this case is the same as that in Fig. 3a . It is interesting to note that in the micro-PPT sample fired in the turbopumped chamber (for a comparable amount of time), there is evidence of neither silicon nor any metal layer under the char.
An important observation from the microscopic analyses is the presence in most samples of a layer of metal under the char. In the cases where no metal layer is found under the char, the charred area has the same appearance. It is concluded that the char formation therefore may be the same in both cases. This fact may suggest that the carbon char is formed as a result of the carbon flux returned from the plasma. Another possible mechanism of char formation, incomplete Teflon decomposition, seems to be inconsistent with observations, that is, the presence of the metal and silicon layer between the Teflon surface and the char.
The microscopic structure of the charred areas is similar for different conditions under which the MicroPPT was fired. For instance, the effect of the discharge energy on the char microstructure is shown in Figs. 5 and 6. One can see that shapes and size characteristics are the same for two different energy levels. In both cases the carbon structures have a size of about several micrometers.
It should be noted that this conclusion about the origin of the carbon charring formation (due to the carbon flux returned from the plasma) could also be supported by qualitative comparison of the charring with the carbon structures developed during carbon deposition by DC electric arc discharge. 15 The shape and size (about several micrometers) of the carbon microstructures are very similar in both cases. This comparison clearly indicates that similar microstructures develop during the carbon deposition and unstable growth of the carbon nanotubes. 
IV. Model of the Plasma Layer Near the Ablated Surface
In this section we describe a model of the plasma layer near the evaporating surface, with application to a micro-PPT that is shown schematically in Fig. 1 . During the discharge, the plasma density near the propellant face is large (on the order of 10 23 -10 24 m −3 , Refs. 16, 17) and therefore a fluid approach can be used. The plasmalayer model includes the following features: Teflon ablation, plasma energy balance, heat transfer from the plasma to the Teflon, current spreading in the near field, and an equivalent resistance-inductancecapacitance (RLC) electrical circuit model. Mechanisms of energy transfer from the plasma column to the wall of the Teflon include heat transfer by particle convection and by radiation. It is assumed that within the plasma layer all parameters vary in the radial direction r . The electron-energy-balance equation can be written in the form, 16 ,17
The one-dimensional time-dependent model of the plasma layer is considered and Eq. (1) depends on the coordinate r along the propellant face (see Fig. 1 ). The radiation heat flux Q r and particle-convection heat flux Q F depend on the plasma density and temperature. 16, 17 The one-dimensional time-dependent model of the plasma layer is considered and Eq. (1) depends on the coordinate r along the propellant face (see Fig. 1 ). The radiation heat flux Q r and particle-convection heat flux Q F depend on the plasma density and temperature. 16, 17 According to Ref. 18 , the radiation in continuum from a C + 2F plasma in the considered parameter range provides the main contribution. The radiation energy flux Q r includes the radiation for a continuum spectrum based on a theoretical model. 19, 20 In the expression for Q r = AZ 2 i n e T
1/2
e (1 + χ g ), the coefficient A is a constant (1.6 × 10 −38 in SI units) and χ g = E g /T e , with E g as the energy of the lowest excited state. The particle convection flux Q F includes energy associated with electron and ion fluxes to the Teflon and out of the plume, which lead to plasma cooling. The inputs for the model are thruster geometry, Teflon material properties, and Teflon equilibrium-pressure dependence on the surface temperature. More details about the model and computational methods can be found elsewhere. 21 The Teflon surface temperature is calculated from the heattransfer equation with boundary conditions that take into account vaporization heat, surface radiation, and heat conductivity. Calculations show that surface radiation is negligibly small in the case considered. The solution of this equation is considered for limiting cases of substantial and small ablation rates very similar to those described in Refs. 16 and 17. The change of the Teflon surface properties due to char formation was not taken into account.
The Teflon ablation computation is based on a recently developed kinetic ablation model. 22, 23 In the transition region between the plasma and the ablated surface, two different layers are distinguished: (1) a kinetic nonequilibrium layer adjusted to the surface with a thickness of about one mean free path; and (2) a collisiondominated layer with thermal and ionization nonequilibrium. The solution for these two layers is coupled with the quasi-neutral plasma that allows the calculation of the ablation rate. The energy input in Eq. (1) depends upon the current density distribution near the ab- lated surface. In order to calculate the current density, the magnetic field distribution in the thruster near field is obtained. The magnetic field in the near-field plasma plume is calculated from the magnetic transport equation in the following form:
We assume that the magnetic field has only an azimuthal component and neglect the displacement current. Various terms on the righthand side of Eq. (2) may have importance in different regions of the plasma plume and therefore a general end-to-end plasma-plume analysis requires keeping all terms in the equation. In the case of the near plume of the micro-PPT, with a characteristic scale length of about 1 cm, the magnetic Reynolds number Re m = µσ LV 1 (where V is the characteristic velocity ∼10 4 m/s) and therefore the last term can be neglected. Our estimate also shows that the Hall parameter ωτ 1 if the plasma density near the Teflon surface n > 10 23 m −3 . Therefore in the case considered the second term can also be neglected and Eq. (2) can be reduced to a magnetic diffusion equation having the following form:
The current-density distribution was then calculated from the magnetic field distribution. This allows calculation of the Teflon temperature distribution from the energy input in Eq. (1). More details about the current and magnetic field distributions in the near field are presented in a parallel paper. 
V. Teflon Surface Temperature and Ablation Rate
The calculated current density distribution near the Teflon surface in the r -z plane is shown in Fig. 7 . One can see that the current density has a minimum in the middle between electrodes due to the current spreading in the r -z plane. According to the energy balance [Eq. (1)] and the heat-transfer equation at the Teflon surface, 16, 17 the surface temperature should depend on the current density. The spatial and temporal variation of the Teflon surface temperature is shown in Fig. 8 . One can see that the Teflon surface temperature is nonuniform in the radial direction. It can be seen that in the 3.6-mmdiam thruster, the temperature has a minimum at radial distances of 1.1-1.3 mm.
Because the Teflon ablation rate grows nonlinearly with the surface temperature, 22, 23 the model predicts a lower rate of ablation in the areas where the surface temperature has a minimum. By taking this into account, the effect of the temperature distribution may be related to the preferential charring of the Teflon surface observed experimentally, as shown in Fig. 9 . It is interesting to note that comparison of the calculated temperature field and ablation rate with the photograph of the Teflon surface (Fig. 9) shows that the area with surface temperature and ablation rate minimum corresponds to the charred area in the case of the 3.6-mm-diam thruster.
VI. Effect of Discharge Energy
In this section we investigate the effect of the discharge energy on ablation and char formation. In the model it is assumed that the Fig. 10 . One can see that with energy increase, the Teflon ablation rate increases as shown in Fig. 10 . The total ablation rate is also shown and compared with measured value. It can be seen that generally good agreement is found. These results suggest that increasing the discharge energy for constant capacitance leads to enhanced Teflon ablation (and carbon char ablation) and therefore prevents char formation.
It was shown experimentally that the energy level affects the Teflon ablation. These experiments were conducted in a glass bell jar under a pressure of 10 −6 torr. The char patterns for three different energies are shown in Fig. 11 after continuous firing for 2 h at 1 Hz. There have been no experimental observations of cases where char appeared, only to be cleaned up by subsequent discharges at the same energy. (Cleaning of the char formation by firing at higher discharge energies has been observed experimentally but is not considered within the context of this effort.) For these tests a 1 4 -in.-diam twoelectrode MicroPPT was energized using a 2.94-µF capacitor. The charge voltage ranged from 823 V for the 1.0-J case to 2016 V for the 6.0-J case. Clearly these voltages are insufficient to cause the surface breakdown needed for MicroPPT discharge initiation across a 1 4 -in.-diameter. Rather than complicate the test setup by using the three-electrode MicroPPT configuration, 8, 9 an auxiliary sparkplug, fired at 0.5 J, was used to initiate the discharge on command. An auxiliary sparkplug effect on char formation was not observed.
One can see that in the case of small energy, charring is observed in the area between the electrodes, while in the case of large energy, there is no charring. The middle-energy case shows a level of char between the two extrema. This effect can be partially explained in terms of our model, which shows that higher discharge energy leads to higher Teflon surface temperature and higher ablation rate.
VII. Summary
A microscopic analysis of the charred areas showed that they mainly contained carbon. In some cases, metal and silicon layers were found under the carbon char. The metal deposition originated from electrode erosion, whereas the silicon is assumed to come from the diffusion pump. In fact, when a turbopumping system was used, no silicon was obtained on the Teflon surface. In those cases where no metal layer was found under the char, the charred area had the same appearance. It is concluded that the char formation therefore may be the same in both cases, independent of the metal layer formed between the Teflon surface and the carbon char. In addition, particle simulation of the near-field plasma plume predicts a substantial population of ions having negative axial velocity up to about 10 km/s (Refs. 12 and 21) . This ion population creates backflow contamination that flows mainly onto the thruster itself. 12, 21 The carbon ions have a larger negative velocity due to their higher mobility, which results in their domination in the backflux to the thruster. More details about these simulations can be found in a parallel publication. 21 Based on our observations and particle simulation it can be suggested that the carbon char is formed as a result of the carbon flux returned from the plasma rather than from incomplete decomposition of the Teflon.
A model of the plasma layer near the Teflon surface of a micro-PPT was developed that allows self-consistent calculation of the Teflon surface temperature and ablation rate. It was found that the propellant size had an important effect on the Teflon surface temperature distribution and the ablation rate. Generally we found that the Teflon surface temperature is nonuniform in the radial direction. For instance, in the 3.6-mm-diam thruster, the temperature has a minimum at radial distances of 1.1-1.3 mm. The comparison of the temperature field and the ablation-rate distribution with a photograph of the Teflon surface shows that the area with surface temperature and ablation rate minima corresponded to the charred area in the case of the 3.6-mm thruster. This suggests that the charring may be related to the temperature effect. An analysis of the effect of the discharge energy E on the temperature distribution showed that the Teflon surface temperature and the ablation rate can be increased by increasing E. At the same time, an increase in capacitance leads generally to a smaller ablation rate, though this effect can be considered to be marginal.
